Organic soils promote the efficacy of entomopathogenic nematodes, with

different foraging strategies, in the control of a major forest pest: A meta-analysis

of field trial data by Williams, Christopher D. et al.
Organic soils promote the efficacy of entomopathogenic nematodes, with
different foraging strategies, in the control of a major forest pest: A meta-analysis
of field trial data
Christopher D. Williams a,⇑, Aoife B. Dillon b, Robbie D. Girling a,1, Christine T. Griffin a
aBehavioural Ecology and Biocontrol Laboratory, Department of Biology, National University of Ireland Maynooth, Co. Kildare, Ireland
bCoillte Teoranta, Newtownmountkennedy, Co. Wicklow, Ireland
h i g h l i g h t s
 A meta-analysis of field trials for the
control of pine weevil by EPN was
conducted.
 EPN are more effective controls of
pine weevil on peat than mineral
substrates.
 Efficacy was independent of host
density and tree species.
 Results are robust for both a ‘cruiser’
and an ‘ambush’ foraging EPN.
 The ‘cruiser’ is more efficacious than
the ‘ambush’ forager.
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a b s t r a c t
The large pine weevil, Hylobius abietis, is a serious pest of reforestation in northern Europe. However,
weevils developing in stumps of felled trees can be killed by entomopathogenic nematodes applied to soil
around the stumps and this method of control has been used at an operational level in the UK and Ireland.
We investigated the factors affecting the efficacy of entomopathogenic nematodes in the control of the
large pine weevil spanning 10 years of field experiments, by means of a meta-analysis of published stud-
ies and previously unpublished data. We investigated two species with different foraging strategies, the
‘ambusher’ Steinernema carpocapsae, the species most often used at an operational level, and the ‘cruiser’
Heterorhabditis downesi. Efficacy was measured both by percentage reduction in numbers of adults
emerging relative to untreated controls and by percentage parasitism of developing weevils in the stump.
Both measures were significantly higher with H. downesi compared to S. carpocapsae. General linear mod-
els were constructed for each nematode species separately, using substrate type (peat versus mineral
soil) and tree species (pine versus spruce) as fixed factors, weevil abundance (from the mean of untreated
stumps) as a covariate and percentage reduction or percentage parasitism as the response variable. For
both nematode species, the most significant and parsimonious models showed that substrate type was
consistently, but not always, the most significant variable, whether replicates were at a site or stump
level, and that peaty soils significantly promote the efficacy of both species. Efficacy, in terms of percent-
age parasitism, was not density dependent.
 2013 Elsevier Inc. All rights reserved.
1. Introduction
The large pine weevil, Hylobius abietis (L.), is the most serious
pest of reforestation in Europe costing the forestry sector millions
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of euro per annum e.g. €2.57 million ($3.36 million) a year in the
UK and up to €30 million ($38.84 million) annually in Sweden
(Weslien, 1998; Leather et al., 1999; Långström and Day, 2004).
If no chemical control measures were used against the pine weevil,
the most recent estimate for the economic damage that would re-
sult across Europe was €140 million ($181.26 million) (Långström
and Day, 2004). Adult weevils are attracted to volatile chemical
cues which are emitted when coniferous trees are felled. Females
oviposit in the stump, with larvae and pupae developing in or un-
der the bark (Leather et al., 1999) often at depths in excess of
20 cm. On emergence, adults feed on the bark of young trees
planted on the clearfelled site, which can result in death through
‘ring barking’. Without control measures, weevils can destroy up
to 100% of newly planted trees, with a UK national average esti-
mate of 50% mortality within the first few years at untreated sites
(Heritage and Moore, 2001).
The most popular current control measure involves treating
young plants prior to planting with alpha cypermethrin or cyper-
methrin, with an additional top-up spray the year after planting
(Coillte, 2012; Willoughby et al., 2004). However, with concerns
over environmental impacts, cypermethrin is being phased out
across Europe (E.C., 2012). Forest certification schemes require that
alternatives to chemical control be sought wherever possible, and
one of these bodies, the Forest Stewardship Council (FSC), specifi-
cally classifies cypermethrin and alpha-cypermethrin as ‘highly
hazardous’ chemicals, requiring that certificate holders possess a
derogation to continue using these chemicals (FSC, 2011). These
chemicals have been noted to have a repellence effect on the pine
weevil and whereas this protects young plants, it does little to im-
pact on the local populations of the pest (Torr et al., 2005; Leather
et al., 1999). Current management practices, in addition to chemi-
cal control, include silviculture methods such as mounding, plant-
ing later in the season and leaving sites fallow (Von Sydow, 1997;
Örlander and Nilsson, 1999; Örlander and Nordlander, 2003).
Landscape level mitigation includes managing felling dates using
decision support systems integrated with GIS to minimize weevil
impacts (Wainhouse et al., 2001; Evans et al., 2004).
Entomopathogenic nematodes (EPN) have been used as an
alternative method of controlling pine weevils (Dillon et al.,
2007). Nematodes are applied as inundative biological control
agents (biopesticides) targeted against pine weevil larvae, pupae
and callow adults developing within the stumps. EPN are described
as exhibiting different foraging strategies ranging from highly mo-
tile ‘cruisers’, which actively seek out insect hosts, to extreme
‘ambushers’, which tend to remain near the soil surface until hosts
approach (Lewis et al., 1992, 2006; Grewal et al., 1994). We have
previously shown that Heterorhabditis downesi (Stock, Griffin, and
Burnell), a ‘cruiser’ forager, was best at controlling the subterra-
nean cryptic pest, but Steinernema carpocapsae (Weiser), an ‘am-
busher’, was also effective (Dillon et al., 2006). At operational
level, S. carpocapsae is applied by pressure hose, from a tank mixer
mounted on a modified forwarder, at an average rate of 3.5 million
nematodes per stump (Torr et al., 2005). These operations are con-
ducted by growers in the UK and Ireland, mainly the Forestry Com-
mission and Coillte, respectively. For experiments, however,
nematodes are usually applied by hand as a sub-surface drench.
Entomopathogenic nematodes are harmless to humans, other
warm blooded animals and plants (Boemare et al., 1996). They
are also generally environmentally safe (Ehlers and Hokkanen,
1996) and have been shown to have little impact on non-target
Coleoptera abundance, species richness, diversity or community
composition when applied in clear-felled plantation forest ecosys-
tems (Dillon et al., 2012).
The aim of the present study was to provide a meta-analysis of
field trials which have tested the efficacy of entomopathogenic
nematodes in the control of the large pine weevil. We focus on
the only two species of nematode that have been commonly and
repeatedly applied in such field trials: S. carpocapsae and H. downe-
si. The advantages of focusing on these species is that S. carpocap-
sae is the species widely used at an operational level, but H.
downesi has shown the best results to date (Dillon et al., 2006,
2007) and the two species represent two different foraging strate-
gies, namely that of an ‘ambusher’ and that of a ‘cruiser’, respec-
tively. Specifically we sought to investigate the importance of
tree species and soil type on nematode efficacy, and whether the
levels of control achieved were related to the size of the host pop-
ulation (density dependent).
2. Materials and methods
We collated data from published field studies which used EPN
as biopesticides to control the large pine weevil in Britain and Ire-
land (Table 1) and also included our own unpublished data. We
contacted workers of published studies to request unpublished
data and have also included unpublished data from Evans et al.
(Table 1). In total 28 trials were analysed in this meta-analysis (Ta-
ble 1). Exact locations of study sites and methods can be found in
the relevant papers cited in Table 1. Locations (latitude and longi-
tude), altitude and year of application of our twelve previously
unpublished trials are presented in Appendix A. The following
description of methods relates only to our previously unpublished
data, but similar methods were used in the published studies of
Table 1.
2.1. Nematode application
In July 2007, S. carpocapsae was applied to approximately
150 ha (5 sites) of forests in the estate of Coillte, the Irish state-
owned forestry company. All of these trials involved a single tree
species except Lackenrea, which included both Lodgepole pine (Pi-
nus contorta Douglas) and Sitka spruce (Picea sitchensis [Bong.]
Carr.) stumps. Each tree species was treated as a separate trial in
this case. In each trial, the majority of the stumps were treated
with S. carpocapsae by pressure hose from a tank mixer mounted
on a modified forwarder at an average rate of 3.5 million nema-
todes per stump, which is the standard operational protocol. A
small number of stumps received H. downesi (5 trials) or were left
untreated (all trials). H. downesi was applied by hand as a subsur-
face drench at the same rate as S. carpocapsae, using the same
methods as Dillon et al. (2006). Also in July 2007 both nematode
species were applied by hand at a sixth site (Knockeen). In June
2008 S. carpocapsae was applied by pressure hose to three further
sites with untreated stumps left as controls. In June of 2010 and
2011, stumps at two additional sites (Summerhill and Kilduff)
were treated with S. carpocapsae by hand using a sub-surface
drench giving a total of twelve trials on eleven sites (Appendix
A). Steinernema carpocapsae was supplied by Becker Underwood
whereas H. downesi strain K122 was mass reared in wax moths
according to the methods of Dillon et al. (2006).
2.2. Assessment methods and experimental design
Stumps were either destructively sampled 3–4 weeks after
nematode application or covered with insect traps designed to
catch emerging adults using a modified design based on Owen
(1989). Untreated (control) and nematode-treated stumps were ar-
ranged in a randomized block design with one stump of each treat-
ment per block. There were 10–20 blocks for each assessment
method at each site (Appendix A).
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2.2.1. Destructive sampling to assess percentage parasitism
Destructive sampling, by removing bark with a chisel and
recording the number of weevils parasitized, followed the methods
of Dillon et al. (2006) with the modification that entire Sitka spruce
stumps were destructively sampled and only one quarter of the
Lodgepole pine stumps were sampled in this way. To allow com-
parison between tree species, values for the Lodgepole pine stumps
were multiplied by four throughout.
2.2.2. Emergence trapping
Insect emergence traps were erected within one week of nem-
atode application, except on The Rodneys where traps were not
erected until 4 weeks after application in order to facilitate
replanting. Traps were emptied every 2 weeks until the end of
October or early November, by which time no more weevils were
emerging. At each assessment date, trapped adult H. abietis were
removed and counted.
2.3. Statistical analysis
General linear models (GLMs) were constructed for each
entomopathogenic nematode species separately. Percentage para-
sitism or percentage reduction in emergence was coded as a re-
sponse variable, where:
Percentage parasitism ¼ ðNI=TNÞ  100:
NI = number of individuals infected with nematodes; TN = total
number of individuals collected and
Percentage reduction in emergence
¼ ð½E cont:  E treat=E cont:Þ  100:
E cont. = mean number of weevils emerging per control stump; E
treat = mean number of weevils emerging per nematode-treated
stump.
Table 1
Trials/sites, locations and summary data for the data-sets used in the present meta-analysis. Ire = Ireland, Sco. = Scotland, Subs. = substrate, Cont. = control of either no treatment
or 500 ml water, S.c = Steinernema carpocapsae, H.d = Heterorhabditis downesi, % red = percentage reduction relative to control, % para = percentage parasitism. Superscripts denote
published studies; those without superscripts are presented here for the first time.
Trial/site name Location Year of
app.
Tree
species
Subs. Destructive sampling
mean Cont.
Emergence trapping
mean Cont.
Measures of efficacy
% red
S.c
% red
H.d
% para
S.c
% para
H.d
Ballyroan trial 1a Co. Laois, Ire. 2001 Pine Peat 93.3 140.7 48.5 87.0 25.0 66.2
Ballyroan trial 2a Co. Laois, Ire. 2002 Pine Peat 126.0 84.4 11.0 87.2 15.5 60.5
Ballybrittasa Co. Laois, Ire. 2003 Pine Peat 67.2 37.1 60.0 67.7 47.0 55.2
Emob Co. Laois, Ire. 2004 Pine Peat 84.6 78.9 64.3 84.8 37.0 52.6
Donadeab Co. Kildare, Ire. 2005 Pine Peat 144.4 87.9 57.3 78.7 26.0 77.1
Glendine Co. Laois, Ire. 2007 Pine Peat 84.3 53.2 70.7 80.6 14.0 37.0
Summerhill Co. Meath, Ire. 2010 Pine Peat 80.8 260.5 53.9 n/a 71.7 n/a
Killduff Co.
Westmeath,
Ire.
2011 Pine Peat 30.4 n/a n/a n/a 20.2 n/a
Lairgc N. Sco. 2003 Pine Peat n/a 33.0 70.9 n/a 75.0 n/a
Lairgc N. Sco. 2003 Pine Peat n/a 41.5 65.3 n/a n/a n/a
Ballymacshaneboy Co. Cork, Ire. 2007 Pine Min 34.9 55.1 13.7 75.1 9.0 34.1
Lackenrea trial 1 Co. Waterford,
Ire.
2007 Pine Min 56.0 29.0 29.0 63.4 3.0 18.5
Lackenrea trial 2 Co. Waterford,
Ire.
2007 Spruce Min 11.1 16.2 42.0 79.2 2.0 36.8
Annaleckad Co. Wicklow,
Ire.
2006 Spruce Min 17.8 n/a n/a n/a 10.0 43.5
Glendaloughd Co. Wicklow,
Ire.
2006 Spruce Min n/a 4.9 14.8 39.1 n/a n/a
Ballinageed Co. Wicklow,
Ire.
2004 Spruce Min 18.8 1.5 25.0 33.3 9.0 17.8
Oakwoodd Co. Wicklow,
Ire.
2005 Spruce Min 5.3 18.3 10.4 49.0 12.0 31.1
Deerpark Co. Wicklow,
Ire.
2007 Spruce Min 8.6 13.4 32.2 74.2 21.0 45.5
The Rodneys Co. Limerick,
Ire.
2007 Spruce Min n/a 1.8 31.3 n/a n/a n/a
Mount Leinster Co. Carlow 2008 Spruce Min n/a 5.85 89.7 n/a n/a n/a
Drumcor Co. Cavan 2008 Spruce Min n/a 1.9 63.2 n/a n/a n/a
Knockeen Co. Waterford,
Ire.
2007 Spruce Peat n/a 0.5 42.9 85.7 n/a n/a
Glennakeel Co. Cork 2008 Spruce Peat n/a 0.75 0 n/a n/a n/a
Ae Forest trial 1e Dumfriesshire,
Sco.
1997 Spruce Peat n/a n/a n/a n/a 18.3 n/a
Ae Forest trial 2e Dumfriesshire,
Sco.
1997 Spruce Peat n/a n/a n/a n/a 5.2 n/a
Cwm Berwynf W. Wales 2010 Spruce Min 2.24 0.84 22.1 n/a 17.9 n/a
Cwm Berwynf W. Wales 2011 Spruce Min 1.74 3.08 63.6 n/a 69.0 n/a
Cwm Berwynf W. Wales 2012 Spruce Min 8.24 8.88 94.5 n/a 38.8 n/a
a From Dillon et al. (2006).
b From Dillon et al. (2007).
c From Torr et al. (2007).
d From Dillon et al. (2008).
e From Brixey et al. (2006).
f Personal communication Prof. H. Evans et al.; unpublished results from joint work by Forest Research and Swansea University under the EU Interreg IVA IMPACT project.
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In the GLMs, tree species (Sitka spruce versus Lodgepole pine)
and substrate (peat versus mineral) were coded as fixed factors
and mean number of pine weevils per stump was coded as a covar-
iate. Sites with over 40 cm of deep peat were considered to be
peaty sites whereas those with minimal peat cover or small pock-
ets of peat over mineral soils were considered to be mineral soils.
The peaty sites were 100% organic matter whereas mineral sites
had variable proportions of sand, silt and clay. Ireland’s semi-state
forestry company, Coillte, record site substrates as either peaty or
mineral on their database, by the same criteria. Where possible,
first order interactions were included in the initial model. After
considering the most complete model possible, variables were
sequentially removed according to their P values until a parsimoni-
ous model with good performance, assessed by changes in the
model significance and the adjusted r squared value, was attained.
Models were constructed for both ‘site-level’ and ‘stump-level’
data; the former with sites as replicates and the latter with stumps
as replicates. Stump-level analyses could be considered pseudore-
plicated data (Hurlbert, 1984), but we include these models as they
highlight that variables that are important at a site-level are also
important at a stump-level. For all stump-level data, the effect of
‘site’ is highly significant with respect to both numbers of weevils
in stumps and percentage parasitism, for both the S. carpocapsae
and the H. downesi data-sets (P < 0.001 in all cases).
Standardized residuals of the General Linear Models con-
structed were not significantly different from normal distributions
(K–S test P > 0.05) in all cases2, except the stump-level data-set for S.
carpocapsae-treated stumps3. For this reason these data were trans-
formed using a Log10 (value +1) transformation.
Pearson’s and Spearman rank correlations were performed on
percentage parasitism versus number of pine weevil in the stump
for each site for which data were available, i.e. studies for which we
had stump-level data, and on the data-set as a whole.
All statistical analyses were performed on SPSS version 19
(SPSS, 2011).
3. Results
3.1. Numbers of Weevils emerging from untreated stumps
The total number of pine weevils emerging per untreated (con-
trol) stump was significantly affected by tree species, but not sub-
strate, with more weevils emerging from pine compared to spruce.
A two way ANOVA with gave a significant effect of tree species
(P = 0.022), but not substrate (P = 0.410) or the tree species  sub-
strate interaction (P = 0.287) (Fig. 1).
3.2. Comparison of nematode species
On sites where both nematode species were applied, H. downesi
was a more successful control agent than S. carpocapsae, as mea-
sured by both methods of efficacy (paired T-test, paired by site,
percentage reduction: T = 6.262, d.f. = 13, P [2 tailed] < 0.001; per-
centage parasitism: T = 7.008, d.f. = 12, P [2 tailed] < 0.001). The
mean percentage reduction in emergence was 44.9% for S. carpo-
capsae-treated stumps compared with 70.4% for H. downesi-treated
stumps. Percentage parasitism was 26.0% and 44.3% for S. carpo-
capsae-treated and H. downesi-treated stumps, respectively. The
same trend is also seen for all sites, and also whether one considers
peat or mineral sites separately (Table 1).
3.3. Factors affecting the efficacy of entompathogenic nematode
species
In three of the six GLMs in Table 2 the most significant variable
is substrate while in a fourth model, this variable approached sig-
nificance. The lowest P value for variables in the site-level percent-
age parasitism GLM for S. carpocapsae is also substrate. The only
model in which another variable was significant is the site-level
percentage parasitism GLM for S. carpocapsae, in which the tree
species  substrate interaction was significant. However this mod-
el was itself not significant and had a low adjusted R2 value com-
pared to the other model. The other models explain much of the
variation in the measures of efficacy, with adjusted R2 values rang-
ing from 0.562 to 0.961, and four out of the six models explain over
75% of the variation in the measures of efficacy. Mean percentage
reduction in emergence was 41.0% and 49.5% on mineral and peat
soils, respectively, for S. carpocapsae-treated sites and 59.0% (min-
eral) and 81.7% (peat) for H. downesi-treated sites (Fig. 2a). The
mean percentage parasitism of weevils 3–4 weeks after application
on S. carpocapsae-treated sites was 19.2% (mineral) and 32.3%
(peat) and on H. downesi-treated sites was 32.5% (mineral) and
58.1% (peat) (Fig. 2b).
The density of pine weevil per stump was not a significant pre-
dictor of nematode efficacy in any of the models at either a site-le-
vel or a stump-level. However, in order to further investigate if
there were correlations between these variables at a stump-level
within each site, both Pearson’s and Spearman Rank correlations
were performed on percentage parasitism versus the number of
pine weevil individuals in each stump for each site separately.
For the S. carpocapsae-treated stumps, of the 15 trials for which
we had stump-level data, only two trials gave a significant correla-
tion between these variables: Ballyroan trial 2 (Spearman rank cor-
relation coefficient = 0.644, P = 0.044) and Lackenrea trial 2
(Pearson’s correlation coefficient = 0.565, P = 0.015; Spearman
Rank correlation coefficient 0.612, P = 0.007). The most conserva-
tive Bonferroni correction would result in non-significant P values
for all correlations, although the Spearman Rank correlation of Lac-
kenrea trial 2 was only marginally non-significant after the correc-
tion (P = 0.105). In the equivalent data-set for H. downesi-treated
stumps, none of the 13 trials gave a significant correlation between
percentage parasitism and host density. Given the low number of
sites with significant correlations and the fact that in one case
there was a positive correlation and a negative correlation in the
other, host density does not appear to influence the efficacy of
the two entomopathogenic nematodes in the present study.
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Fig. 1. Mean number of pine weevil (Hylobius abietis) emerging from untreated
(control) stumps ± standard error. Both factors are significant; P = 0.02 for substrate
and P = 0.004 for tree species.
2 K–S test results: S. carpocapsae, site-level, % reduction data-set P = 0.985 N = 24; S.
carpocapsae, site-level, % parasitism data-set P = 0.277 N = 19; H. downesi site-level, %
reduction data-set P = 0.826 N = 14; H. downesi site-level, % parasitism data-set
P = 0.963 N = 13; H. downesi stump-level, % parasitism data-set P = 0.759 N = 160.
3 S. carpocapsae stump-level, % parasitism data-set P = 0.029 N = 177.
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When all of the stump-level data were pooled there were highly
significant correlations between percentage parasitism and weevil
density per stump in both S. carpocapsae-treated stumps
(R2 = 0.261 P < 0.001, N = 177) and H. downesi-treated stumps
(R2 = 0.302, P < 0.001, N = 160). However, when the different sub-
strates are considered separately, correlations are no longer signif-
icant (S. carpocapsae on peat R2 = 0.171, P = 0.118, N = 85; S.
carpocapsae on mineral R2 = 0.052, P = 0.624, N = 92; H. downesi
on peat R2 = 0.021, P = 0.868, N = 67; H. downesi on mineral
R2 = 0.166, P = 0.112, N = 93). These results, in Fig. 3, highlight
the importance of considering substrate type to avoid spurious cor-
relations between host density and percentage parasitism.
4. Discussion
Our analysis clearly shows that H. downesi is a more effective
control agent of H. abietis than is S. carpocapsae. Although in the
present study all H. downesi were reared in vivo unlike S. carpocap-
sae, previous studies (Foster, Dillon and Griffin, unpublished) show
that H. downesi can be as effective when reared on a trial basis by a
commercial nematode-producing company. Our analysis shows
that two species of EPN that typically exhibit different foraging
strategies, S. carpocapsae and H. downesi, both show greater effi-
cacy in clear-felled forests on organic soils than on mineral soils.
It is likely that organic soils facilitate the active or passive move-
ment of nematodes through the medium and into the stump or
promote the post-application survival of nematodes.
There has been a small body of work comparing the efficacy of
EPN in organic and mineral soils (Choo and Kaya, 1991; Koppenhö-
fer and Fuzy, 2006; Kruitbos et al., 2010), though there still remain
significant gaps in knowledge on this subject. Oetting and Latimer
(1991) found high infectivity of S. carpocapsae for Galleria mellonel-
la (L.) in various organic potting media, but they did not compare
between potting media and mineral soils. Choo and Kaya (1991)
studied the effects of soil texture and roots on host finding by Het-
erorhabditis bacteriophora Poinar and observed higher infectivity in
highly organic soils compared to sand, loam and clay soils.
Koppenhöfer and Fuzy (2006) studied the effect of soil type on
establishment and efficacy of four EPN species with variable results
– a potting mix with high organic content was a poor medium for
Steinernema scarabaei Stock and Koppenhöfer, but was the best
medium for H. bacteriophora and Heterorhabditis zealandica Poinar,
and was intermediate for Steinernema glaseri Steiner.
Organic soils tend to have a higher porosity and are less finely
textured than mineral soils, but these variables have been shown
Table 2
General Linear Models of nematode efficacy against the large pine weevil (Hylobius abietis). Significant values are in bold type.
Level of analysis Response variable Factor F ratio P Adjusted R2 Model P
Steinernema carpocapsae
Site-level Percentage parasitism Tree species 0.008 0.931 0.562 0.002
Substrate 1.419 0.252
No. pine weevils in stump 0.129 0.724
Site-level Percentage reduction Tree species 0.282 0.681 0.093 0.183
Substrate 0.285 0.679
Tree species  substrate 3.603 0.047
Stump-level Log10 (percentage parasitism + 1) Tree species 0.259 0.612 0.784 <0.001
Substrate 27.719 <0.001
No. pine weevil in stump 0.095 0.758
Heterorhabditis downesi
Site-level Percentage parasitism Tree species 0.694 0.424 0.932 <0.001
Substrate 9.874 0.010
Site-level Percentage reduction Tree species 0.242 0.633 0.961 <0.001
Substrate 4.720 0.055
Tree species  substrate 0.950 0.353
Stump-level Percentage parasitism Tree species 0.869 0.353 0.758 <0.001
Substrate 22.782 <0.001
No. pine weevils in stump 0.254 0.615
(a) 
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Fig. 2. Efficacy of Heterorhabditis downesi and Steinernema carpocapsae against
Hylobius abietis as measured by both mean percentage reduction in emergence (a)
and mean percentage parasitism (b) on peat and mineral sites. Error bars
represent ± one standard error.
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to have different effects on nematodes in different study systems
with finely textured soil promoting (Georgis and Gaugler, 1991;
Shapiro et al., 2000; Koppenhöfer and Fuzy, 2006) or inhibiting
(Georgis and Poinar, 1983; Molyneux and Bedding, 1984; Kung
et al., 1990a; Koppenhöfer and Fuzy, 2006) the efficacy of both
EPN genera. Bulk density has been shown to significantly affect
EPN survival in experiments (Portillo-Aguilar et al., 1999) and com-
petitive interactions in naturally co-occurring EPN species (Gruner
et al., 2007). In peaty soils small un-degraded fibrous roots tend to
persist to a greater depth in the rhizosphere than in mineral soils
(Foth, 1978; Pitty, 1979). Ennis et al. (2010) showed that roots
can effectively act as routeways for the movement of S. carpocapsae
IJs, so these small roots could contribute to the passage of EPN into
the soil profile.
Soil moisture affects EPN survival, active movement and infec-
tivity (Grant and Villani, 2003; Koppenhöfer et al., 1995; Kung
and Gaulgler, 1991). Preisser and Strong (2004) have demonstrated
the importance of soil moisture to the efficacy of natural EPN pop-
ulations. Soil moisture is higher in clear-felled forests on peaty
soils than on mineral equivalents (Paavilainen and Päivänen,
1995). As well as effects on active movement, IJs may also be pas-
sively carried downwards during application or by subsequent
rainfall. For the passive movement of nematodes through the soil,
effects of soil physical properties (porosity, texture etc.) and mois-
ture regimes on IJs are likely to result in complex biophysical inter-
actions, which are difficult to predict.
Another difference between mineral and peaty soils is pH, with
peaty soils being generally more acidic (Welsch et al., 1995), rang-
ing from pH 4.2 to 4.7 (Butterfield, 1999). However, some granite-
derived mineral soils (e.g. schist-based soils) may be quite acidic
and flushes and lags in some peatlands can be basic. There was
no significant effect of pH in the range 4–8 on the pathogenicity
of S. carpocapsae (Kung et al., 1990b) and so pH may not be a crit-
ical factor in the present study.
Kruitbos et al. (2010) showed that S. carpocapsae showed taxis
towards a host in peat, but not in sand and also outcompeted Het-
erorhabditis megidis Poinar, Jackson and Klein in peat, but not in
sand. Kruitbos et al. (2010) and Wilson et al. (2012) suggest that
S. carpocapsae is a specialist of organic media rather than an ‘am-
busher’ and used peat mescosms to test their hypothesis. However,
it is worth noting that H. megidis always infected the deepest bur-
ied hosts in both sand and peat mesocosms, whereas S. carpocapsae
infected none of the deepest-buried hosts (Kruitbos et al., 2010).
Also, naturally occurring S. carpocapsae has been isolated from san-
dy soils (Alumai et al., 2006) though possibly in the thatch layer.
Campbell et al. (1996) isolated 50% of S. carpocapsae in the thatch
layer and, by implication, 50% below that layer to a depth of 8 cm.
To our knowledge, S. carpocapsae has never been isolated from nat-
ural populations inhabiting peatland biotopes or other habitats in
which an organism specialized at exploiting organic soil habitats
might be expected to be found. Our analyses demonstrate that
the ‘cruiser’ H. downesi is significantly more effective than S. carpo-
capsae on both peat and mineral soils, which is as would be pre-
dicted in the ambusher–cruiser paradigm where target organisms
are ‘cryptic’ and rather ‘sedentary’, a description which is very
apt for H. abietis larvae. If S. carpocapsae is a specialist of organic
soils it might be expected to be more effective than H. downesi
on clearfelled sites on organic soils, especially as both are effective
against pine weevil developing stages in close-contact assays (En-
nis, 2009; Dillon, unpublished data; Hennessy, unpublished data),
although this was not the case.
Whereas our analysis shows that S. carpocapsae is more effec-
tive in controlling pine weevil in stumps on peaty rather than min-
eral soils, the same is true of H. downesi. The latter has only ever
been recovered in very sandy coastal or alluvial soils (Rolston
et al., 2005; Griffin et al., 1991, 1994, 1999). This suggests that
nematodes are most effective in controlling pine weevil larvae in
stumps on peaty soils regardless of the species’ foraging strategy
or the habitat from which they are usually isolated and in which
they, presumably, evolved. This may be an example of a case in
which the realized ecological niche of a species is quite a restricted
sub-set of its fundamental niche and may indeed not be at its the-
oretical optimum (Hutchinson, 1957). However, a clear-felled coni-
fer plantation and its usually high weevil populations are a highly
artificial ecosystem and would certainly represent a novel ecolog-
ical niche not available to either species in their evolution.
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Fig. 3. At stump-level there is a significant linear regression between the number of
weevils in the stump and the percentage parasitism for both (a) Heterorhabditis
downesi (P < 0.001) and (b) Steinernema carpocapsae (P < 0.001) treated stumps –
solid lines. However, when different substrates are analysed separately there are no
significant correlations (P > 0.05) – dotted lines are the correlation between stumps
on peat substrates and broken lines those of stumps on mineral substrates.
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The effects of host density on parasitism are well studied in in-
sect host-parasitoid systems (Stilling, 1987) where approximately
50% of cases show density-dependence, with approximately 25%
being positive and 25% negative. However, host detection and
infection by EPN IJs is likely to be very different to that of insect
parasitoids, which forage over long distances and parasitise multi-
ple hosts. In this study, the efficacy of nematodes at a site is inde-
pendent of pine weevil density at that site and moreover, the
percentage parasitism in a stump is generally independent of num-
ber of weevils in that stump. There was a negative association be-
tween the density of two species of sciarid hosts on Steinernema
feltiae (Filipjev) efficacy (Grewal et al., 1993; Grewal and Richard-
son, 1993) and between Otiorhynchus ligustici (L.) density and the
efficacy of H. bacteriophora (Shields et al., 1999). Efficacy of Steiner-
nema scapterisci Nguyen and Smart, when controlling mole crickets
(Scaptriscus spp.) on golf courses, was positively associated with
host density (Parkman et al., 1994). Most studies of EPN efficacy,
however, either do not explicitly test for density dependence or
else they report inconsistent trends.
When considering host density effects in EPN it is necessary to
distinguish between density dependence in efficacy and density
dependence in persistence, the latter of which involves recycling
in hosts and so might be more likely. Harvey (2010) noted an ef-
fect of weevil density on S. carpocapsae populations in the soil
around and in the bark of stumps one year after application
and suggested that higher weevil density promoted persistence
via recycling.
A number of pine weevil management recommendations may
be made as a result of the present meta-analysis. Ideally, H. downe-
si would be exploited instead of S. carpocapsae, but this is depen-
dent on successful mass production of the species at an
economically viable price. Our results also suggest that EPN control
of pine weevil may be more effective on forestry sites where the
soil type is peat. Since weevil numbers are lower in spruce than
in pine (von Sydow and Birgersson, 1997; Dillon and Griffin,
2008, Fig. 1 of present study) and efficacy is independent of host
density in this system, it is likely that EPN will be most successful
at reducing weevil populations below economic thresholds on sites
with spruce stumps. Focusing EPN efforts on large, accessible peaty
sites, on which spruce or other tree species less-favoured by wee-
vils were felled, as part of a landscape-level control strategy may
help to reduce the meta-population of weevils in an environmen-
tally safe manner.
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